A novel hepatic enzyme, glutathione S-transferase K, is described that, unlike previously characterized transferases, possesses little affinity for S-hexylglutathione-Sepharose 6B but can be isolated because it binds to a glutathione affinity matrix. A purification scheme for this new enzyme was devised, with the use of DEAE-cellulose, S-hexylglutathione-Sepharose 6B, glutathione-Sepharose 6B and hydroxyapatite chromatography. The final hydroxyapatite step results in the elution of three chromatographically interconvertible forms, K1, K2 and K3. The purified protein has an isoelectric point of 6.1 and comprises subunits that are designated Yk (Mr 25000); during sodium dodecyl sulphate/polyacrylamide-gel electrophoresis, it migrates marginally faster than the Ya subunit but slower than the pulmonary Yf monomer (Mr 24 500). Transferase K displays catalytic, immunochemical and physical properties that are distinct from those of other liver transferases. Tryptic peptide maps suggest that transferase K is a homodimer, or comprises closely homologous subunits. The tryptic fingerprints also demonstrate that, although transferase K is structurally separate from previously described hepatic forms, a limited sequence homology exists between the Yk, Ya and Yc polypeptides. These structural data are in accord with the immunochemical results presented in the accompanying paper [Hayes & Mantle (1986) Biochem. J. 233, 779-788].
INTRODUCTION
Glutathione S-transferases catalyse the conjugation of GSH with a wide range of electrophiles and represent a major drug-metabolizing system (Chasseaud, 1979; Habig & Jakoby, 1981) .
The transferases are dimeric, and the large number of isoenzymes that occur in man and the rat arise from the existence of multiple genes and the ability of certain subunits to form hybrids (Hayes et al., 1981; Beale et al., 1982 Beale et al., , 1983 Boyer et al., 1983; Frey et al., 1983; Hayes, 1983 Hayes, , 1984 Stockman et al., 1985) . In the rat, the nomenclature that is most widely used is that which defines the transferase monomers by their apparent differences in size when examined by discontinuous SDS/polyacrylamide-gel electrophoresis: Ya (Mr 25 500), Yn (Mr 26 500), Yb1 (Mr 27 000), Yb2 (Mr 27 000) and Yc (Mr 28500) (Beale et al., 1983; Hayes, 1983 ; Hayes & Chalmers, 1983) .
In the present study I describe a novel enzyme, transferase K, prepared from rat liver. It contains subunits that appear to be marginally smaller than the Ya subunit when examined by SDS/polyacrylamide-gel electrophoresis. Transferase K does not bind to Shexylglutathione-Sepharose 6B (prepared by the method of Mannervik & Guthenberg, 1981) , but can be isolated by using the glutathione affinity matrix described by Simons & Vander Jagt (1977) . The structural and catalytic properties of this new enzyme are described below.
EXPERIMENTAL Materials
The chemicals used were all of analytical grade and were obtained commercially unless otherwise stated.
Buffers
These were all prepared at 20 'C. The pH values of the buffers used for enzyme purification were measured at 4 'C, and the values quoted in the text are those found at this temperature.
Animals
Livers from male Wistar rats (250-400 g) fed ad libitum were used as enzyme source. The livers were normally stored at -85 'C for 1-10 days before use.
Analytical methods
Enzyme assays were performed at 37 'C with either a centrifugal analyser (Hayes & Clarkson, 1982) or manual methods (Habig & Jakoby, 1981) .
SDS/polyacrylamide-gel electrophoresis was carried out as described by Laemmli (1970) pl standards used to calibrate the gel were from Pharmacia Fine Chemicals, Milton Keynes, Bucks., U.K.
The amino acid compositions were kindly determined by Dr. R. P. Ambler, Department of Molecular Biology, University of Edinburgh, Scotland, U.K.
Purification of glutathione S-transferase K
Frozen rat liver (250-350 g) was allowed to thaw at room temperature before being blended in 2 vol. of ice-cold 10 mM-Tris/HCl buffer, pH 8.1. All subsequent steps were performed at 4 'C. The resulting material was centrifuged (15000 g for 1 h) and, after filtration through a plug of glass-wool, was applied directly to DEAEcellulose DE52 equilibrated with 10 mM-Tris/HCI buffer, pH 8.1. Normally either two 3.2 cm x 85 cm columns or two 4.4 cm x 85 cm columns were employed. These were used in series, and the anion-exchanger was developed with a 0-125 mM-NaCl gradient formed by a 350 ml constant-volume mixing reservoir. The fractions containing the last significant peak of transferase activity that was eluted in the Na+ concentration range 60-85 mm [this has previously been designated N3 (Hayes, 1983) ] were combined.
The N3 pool was applied directly to a 2.2 cm x 20 cm column of S-hexylglutathione-Sepharose 6B equilibrated with 20 mM-Tris/HCl buffer, pH 7.8, containing 200 mM-NaCl. The transferase activity that was not retained by the S-hexylglutathione-Sepharose 6B affinity gel, and that was eluted in the flow-through fractions, was combined and applied directly to a 2.2 cm x 20 cm column of a glutathione-Sepharose 6B affinity matrix prepared as described by Simons & Vander Jagt (1977) . This affinity gel was equilibrated with 100 mM-Tris containing 100 mM-Na2HPO4 adjusted to pH 9.0 with HCI. The transferase activity that was adsorbed on the column was washed (30 ml/h) with at least 200 ml of the same buffer before being eluted with a 50 mm solution of GSH in the running buffer (this had a pH of approx. 8.1). The material eluted by GSH was dialysed for 18 h against three changes, each of 2 litres, of 10 mM-sodium phosphate buffer, pH 6.7, containing 2 mM-2-mercaptoethanol. After dialysis, the transferase was finally purified on 1.6 cm x 19 cm columns of hydroxyapatite, eluted (25 ml/h) at pH 6.7 and developed with a 10-175 mM-sodium phosphate gradient, formed by a 350 ml constant-volume mixing reservoir, that contained 2 mM-2-mercaptoethanol throughout.
Purification of other glutathione S-transferases
In addition to glutathione S-transferase K, other rat hepatic and testicular transferases were prepared for comparative purposes. These were isolated as described previously (Hayes, 1983 (Hayes, , 1984 Hayes & Chalmers, 1983 (1963) . Whatman 3MM paper was used throughout. The Wondermix cocktail of amino acids, used to standardize chromatograms, has been described previously (Ambler & Brown, 1967 The preparation of antisera and the immuno-blotting method is described elsewhere (Hayes & Mantle, 1986b) .
RESULTS

Identification of transferase K
The neutral glutathione S-transferases in rat liver are resolved into three peaks of 1 -chloro-2,4-dinitrobenzene-GSH-conjugating activity by DEAE-cellulose chromatography (Fig. 1 ). These peaks (previously referred to by their order of elution as N1, N2 and N3) contain transferases that can be purified by S-hexylglutathione affinity chromatography and that have been shown to comprise combinations of Yb-and Yn-type subunits (Hayes, 1983 (Hayes, , 1984 Hayes & Chalmers, 1983) . No neutral or acidic transferases containing Ya-or Yc-type monomers have been isolated from rat liver.
Electrophoretic analysis of fractions from DEAEcellulose containing neutral transferase activity demonstrated that, in addition to the Yb polypeptides, a monomer was present in the N3 pool with a mobility similar to the basic Ya subunit (Fig. 2a) . Attempts were therefore made to isolate this polypeptide, with the use of standard affinity purification steps to establish whether it possessed transferase activity.
S-Hexylglutathione affinity chromatography of the N3 pool resulted in the major portion of 1 -chloro-2,4-dinitrobenzene-GSH-conjugating activity being retained by the matrix, but consistently a significant amount ofthis activity (typically about 15% of the total N3 pool) was eluted in the flow-through fractions from this affinity gel. The material that was specifically adsorbed on Shexylglutathione-Sepharose consisted mainly of Yb-type polypeptides. Application of the N3 material that did not bind to-the S-hexylglutathione-agarose gel to a 2.2 cm x 20 cm column of glutathione-Sepharose 6B Fraction no.
Fig. 1. Resolution of various hepatic neutral/acidic glutathione S-transferase activities by DEAE-celulose
The 15000 g supernatant (465 ml) from 225 g of rat liver was eluted (31 ml/h) from DEAE-cellulose (bed volume 1.8 litres). The column, which was equilibrated with 10 mM-Tris/HCl buffer pH 8.1, was developed with a 0-125 mM-NaCl gradient, formed by using a 350 ml constant-volume mixing reservoir, to elute the neutral/acidic enzymes. Fractions (10.4 ml) were collected and transferase activity was measured with l-chloro-2,4-dinitrobenzene (A), 1,2-dichloro-4-nitrobenzene (0), l-menaphthyl sulphate (A), 1,2-epoxy-3-(p-nitrophenoxy)propane (El) and trans-4-phenylbut-3-en-2-one (0) as substrates. The Na+ concentrations (A) were determined by flame photometry.
resulted in the binding and subsequent specific elution of transferase activity towards 1 -chloro-2,4-dinitrobenzene. In contrast, the menapthyl sulphate-GSH-conjugating activity failed to bind to the second affinity gel, suggesting that the glutathione affinity step had resulted in the isolation of an enzyme distinct from transferase M [see Gillham (1973) (Fig. 2b) . These impurities were removed -by hydroxyapatite chromatography, a step that resolved transferase K into three peaks of l-chloro-2,4-dinitrobenzene-GSH-conjugating activity; these were eluted at Na+ concentrations of 115, 135 and 151 mm and were designated K1, K2 and K3 respectively (Fig. 3) . It is likely that these three forms are interconvertible, since, when 2 mM-2-mercaptoethanol was included in the running and limit buffers, transferase activity was eluted as a single, though asymmetric, peak at an Na+ concentration of about 120 mm (results not shown).
The unusual chromatographic properties oftransferase K are emphasized by the fact that transferases K1 and K2 possess less affinity for hydroxyapatite than do other transferases. Previous work, with identical columns, has demonstrated that the group I transferases (Ya-and Yc-containing forms) show less affinity than do the group II transferases (Yb-and Yn-containing forms) for hydroxyapatite (Hayes, 1984) . A comparison between the elution properties of transferases Kl, K2, K3, L (YaYa) and AA (YcYc) from hydroxyapatite is included in Fig. 3 . The results of the purification of transferase K are summarized in Partially-purified transferase K, eluted from glutathione-Sepharose 6B, was dialysed against 10 mM-sodium phosphate buffer, pH 6.7, containing 0.5 mM-2-mercaptoethanol, and applied to hydroxyapatite columns (1.6 cm x 19.0 cm) equilibrated with the same buffer. The columns were eluted at 22.5 ml/h and were developed with a 10-175 mMSdium phosphate gradient, formed by using a 350 ml constant-volume mixing reservoir, containing 0.5 mM-2-mercaptoeanol throughout. Partially purified transferases L and AA, obtained after DEAE-cellulose chromatography, (NH4)2SO4 precipitation and CM-cellulose chromatography (Hayes, 1983) , were run in parallel during the preparation of different transferase K batches and are included for comparison. Fractions (4.5 ml) were collected and the Na+ concentration (0), absorbance at 280 nm (0) and transferase activity with 1-chloro-2,4-dinitrobenzene (-) were measured. Panels (a), (b) and (c) represent the hydroxyapatite elution profiles from transferases K, L and AA. The horizontal bars indicate the fractions that were combined and, in the case of transferase K, represent the final purified products. In the case of transferases L and AA, the enzymes were subjected to S-hexylglutathione affinity chromatography before peptide mapping experiments (Figs. 5-7 ).
encoding the Ya subunit (Lai et al., 1984; Pickett et al., 1984 ). An electrophoretic comparison (Fig. 4) For full experimental details see the text. All analyses were performed at 37 'C. Abbreviations: CDNB, 1-chloro-2,4-dinitrobenzene; EA, ethacrynic acid; pNBC, p-nitrobenzyl chloride; pNPA, p-nitrophenyl acetate; DCNB, 1,2-dichloro-4-nitrobenzene; BSP, bromosulphophthalein; tPBO, trans-4-phenylbut-3-en-2-one. A value of zero denotes that, after the addition of 50 ,tg of protein, the rate observed was not significantly different from the blank (no enzyme added) rate. Table 1 shows that transferase K also lacks activity with 1,2-epoxy-3-(p-nitrophenoxy)propane and 1-menaphthyl sulphate. Portions (4 mg) of the tryptic digests were subjected to high-voltage electrophoresis at pH 6.5, and the neutral peptides, which migrated cathodally about 2-4 cm, were isolated. These were cut out and separated in the first dimension by high-voltage paper electrophoresis (H.v.p.e.) at pH 3.5 and in the second dimension by descending chromatography with butan-l-ol/acetic acid/water/pyridine (15:3:12: 10, by vol.). The positions of migration of alanine (A), glycine (G), leucine (L), Xylene CFF (X), valine (V) and proline (P) are shown. The peptides that appear to be common to all three proteins are represented by the blackened spots, those that appear to be common to transferases L (the Ya dimer) and AA (the Yc dimer) by the hatched spots, and those that appear to be common to transferases K and L (YaYa) by cross-hatched spots.
an Na+ concentration of 120 mm was used as the immunogen) and their immunochemical properties investigated. The results are described in detail in the accompanying paper (Hayes & Mantle, 1986b (YkYk), prepared from rat liver. This enzyme has two features that have probably contributed to the fact that it has previously gone undetected. Firstly, it displays a very low specific activity for l-chloro-2,4-dinitrobenzene. Secondly, it possesses a low affinity for the S-hexylglutathione-Sepharose 6B matrix, a gel that is widely used for purification of glutathione S-transferases. Transferase K is catalytically distinct from previously described hepatic enzymes. It can be distinguished by its high specific activity for ethacrynic acid and relatively low specific activities for -chloro-2,4-dinitrobenzene,p-nitrobenzyl chloride and p-nitrophenyl acetate (Table 2) . Further, the characteristic inhibitory effects of bile acids on individual transferase subunits enables these ligands to be employed as an aid to enzyme identification (Hayes & Mantle, 1986a (Hayes & Mantle, 1986b) In conclusion, a new glutathione S-transferase has been isolated that exhibits novel chromatographic behaviour and unusual catalytic properties. This form is designated transferase K and comprises new subunits. The transferases represent a complex 'multi-gene' family. During the present study the structural relationship between transferase K and the Ya and Yc polypeptides in rat liver was investigated. The immunochemical relationship between Yk and other subunits is described in the accompanying paper (Hayes & Mantle, 1986b ).
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